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One Sentence Summary: Mammal diversity resulted from the evolutionary success of fast-4

speciating lineages that withstood the K-Pg mass extinction event.5

1



Abstract6

The evolutionary histories of major clades, including mammals, often com-7

prise changes in their diversification dynamics, but how these changes occur8

remains debated. We combine comprehensive phylogenetic and fossil infor-9

mation in a new ‘birth-death diffusion’ model that provides a detailed char-10

acterization of variation in diversification rates in mammals. We found an11

early-rising and sustained diversification scenario, wherein speciation rates in-12

creased before and during the Cretaceous-Paleogene (K-Pg) boundary. The K-13

Pg mass extinction event filtered out more slowly speciating lineages, and was14

followed by a subsequent slowing in speciation rates rather than rebounds.15

These dynamics arose from an imbalanced speciation process, with separate16

lineages giving rise to many, less speciation-prone descendants. Diversity seems17

to have been brought about by these isolated, fast speciating lineages, rather18

than by a few punctuated innovations.19

Main Text20

Understanding the tempo and mode by which lineages diversify is fundamental to explaining21

variation of biodiversity across space, time and taxa (1). The remarkable diversity present across22

the tree of life generally results from episodes of fast lineage diversification that underlie suc-23

cessful evolutionary radiations (2). Special attention has been given to understanding the timing24

of such pulses with respect to major abiotic events and the mode in which these pulses occur25

in some lineages and not in others, with no general consensus. Throughout the over 200 My26

evolutionary history of mammals, for instance, environmental factors such as the radiation of27

flowering plants (i.e., the Cretaceous Terrestrial Revolution), the Cretaceous-Paleogene (K-Pg)28
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extinction event, the Paleocene-Eocene Thermal Maximum (PETM), and other major environ-29

mental events, likely spurred distribution shifts and extinctions, together with novel ecological30

opportunities, generating widespread diversification pulses (3–6). Most often discussed is the31

role of the K-Pg event, in particular, with hypotheses that posit that fast diversification occurred32

either before, at, or after the event, dubbed as ‘early-’, ‘explosive-’ or ‘delayed-’ rise of extant33

mammals, respectively (3–5, 7–11).34

A long-standing paradigm holds that such shifts in the speed of diversification occur dis-35

cretely and sporadically, driven by changes in the environment or the acquisition of adaptive36

evolutionary novelties, i.e., ‘key innovations’ (Fig. 1A) (12–16). Here, fast diversification is37

clade-wide, linked to the rapid filling of a niche space that has been freed from other occupants38

(e.g., due to environmentally-driven mass extinctions), or opened by a major evolutionary in-39

novation. Since early observations that richness is highly unevenly distributed across the tree40

of life (17), much effort has been devoted to identifying the clade-wide increases in diversifica-41

tion rates that supposedly occurred at the origin of the most diverse species groups (13,18–20).42

However, evidence of substantial intra-clade heterogeneity in diversification rates, beyond that43

expected from large clade-level dynamics, challenges this paradigm (21–27). An alternative44

view considers changes in diversification rates to be less predictable and more dynamic, giv-45

ing prominence to the role of contingency in driving evolutionary outcomes (Fig. 1B) (28, 29).46

Here, the interplay between species’ evolving ecologies and their particular spatial and envi-47

ronmental contexts could occasionally lead to short periods of fast diversification in specific48

lineages.49

A fine-grained consideration of diversification50

Here we develop the birth-death diffusion model (Fig. 1B, (30)), designed to provide a flexible51

framework that simultaneously enables the reconstruction of overarching diversification dynam-52
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ics and of fine-grained stochasticity of speciation and extinction rates. The process starts with53

a lineage with speciation rate λ0 and extinction rate µ0. Lineage-specific speciation (λl(t)) and54

extinction (µl(t)) rates then evolve in time following a Geometric Brownian motion (Fig. 1B).55

Rates are inherited at speciation; this hypothesis of inheritance is implicit (and in fact stronger)56

in all phylogenetic and paleontological diversification models that assume rate homogeneity57

within specific time-bins or sub-clades, and is justified by the inheritance of traits that may58

modulate diversification rates. A drift term α reflects temporal trends in speciation and avoids59

the “run-away species selection” that the birth-death diffusion model and others with inherited60

speciation rates sometimes produce (14,26,31). Two diffusion terms, σλ and σµ, reflect variabil-61

ity in speciation and extinction rates, respectively. The model can be simplified by imposing62

constraints. For example, we can assume no extinction, constant extinction rate, or constant63

turnover (ratio of extinction to speciation rate). Finally, we can constrain the extinction rate to64

follow a specific trajectory, such as a curve (or subclade-specific curves) separately estimated65

from the fossil record.66

Given a phylogeny of present-day species, we developed an approach to obtain ”complete”67

trees under the birth-death diffusion model, that is, trees with all of the extinct and unsampled68

lineages, together with instantaneous lineage-specific diversification rate estimates ( (30), fig.69

S1). Our approach relies on Bayesian data augmentation techniques, which provide a proba-70

bilistic model-based imputation. Contrary to other imputation methods, the augmented data that71

arises from this procedure does not influence the posterior parameters of the model given the72

observed data (32). This allows us to estimate paleodiversity curves, i.e., variations in species73

richness through time, as well as speciation rates averaged over both lineages that are observed74

in the empirical tree and lineages that are not. We account for potential missing species in the75

extant phylogeny using clade-specific sampling probabilities. We validated the approach using76

simulations (30) (figs. S2-S9). Importantly, while the Brownian diffusion assumption may lead77
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to smoothing of the reconstructed diversification trajectories, simulations under scenarios of78

cross-species variation in speciation rates along time or punctuated diversification rate shifts in79

specific lineages along the tree (i.e. the scenario depicted on Fig. 1A) show that the birth-death80

diffusion model is able to recover sudden variations (fig. S8-S9).81

When constraining extinction rates to follow estimates from the fossil record, the birth-82

death diffusion model exploits the advantages of the complementary sources of evolutionary83

information provided by neontological and paleontological data. Time-calibrated phylogenetic84

trees built from genetic data contain topological information under a branching process, provid-85

ing information on ancestral-descendant relationships across thousands of lineages, while fossil86

information provides direct evidence of past extinction dynamics, including mass extinction87

events (33–35).88

Heterogeneity of diversification rates in mammals89

We apply the birth-death diffusion model to the evolutionary history of mammals combining90

the latest time-calibrated species-level tree for the group (36) with their paleontological record.91

The dating of this tree is consistent with a more recent one with increased whole genome sam-92

pling (10) and supports a “long fuse” model of mammalian diversification with inter-ordinal93

divergences occurring mostly before, and intra-ordinal divergences after, the K-Pg boundary,94

particularly following the PETM (37). Applying the birth-death diffusion model to the species-95

level tree allows us to interpret node ages and branching patterns in terms of diversification96

dynamics.97

We first estimated temporal variation of extinction rates from 84, 576 fossil occurrences us-98

ing PyRate, a model that detects the number, magnitude and temporal placement of rate changes99

while controlling for sampling and preservation biases within a Bayesian framework (30, 35).100

We estimated such extinction curves independently for 14 major mammal clades, as well as for101
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Theria (placentals, marsupials and their extinct relatives) and Eutheria (placentals and their ex-102

tinct relatives), used to constrain extinction rates for stem taxa (fig. S10). These curves recover103

a peak in extinction rates at the K-Pg (ca. 66 Mya) and PETM (ca. 55.5 Mya; fig. S10). The104

K-Pg caused high extinction of metatherians (marsupials and their extinct relatives) and stem105

eutherians; at the PETM, extinction targeted mostly stem eutherian lineages again, in concor-106

dance with previous evidence (5), and, to a lesser degree, Eulipotyphla. The completeness of107

the fossil record is very uneven across clades. More generally, the fossil record is subject to108

various sources of temporal, spatial and taxonomic preservation biases (30), which is reflected109

in different degrees of uncertainty around our extinction curve estimates (fig. S10). While these110

inherent biases affect any inference of deep-time dynamics, our measure of uncertainty around111

the extinction curves allows us to test the robustness of ours. In addition, in order to obtain per112

species extinction rate estimates we used clade-specific species-by-genus estimates, which are113

sensitive to current taxonomic knowledge. Different species-by-genus estimates would change114

the magnitude of the extinction curves but not their dynamics.115

Applying our data augmentation inference of the birth-death diffusion model to the mam-116

mal phylogenetic tree, with extinction constrained by the fossil estimates, provided us with a117

posterior sample of complete mammal trees (Fig. 2A). Congruent with previous empirical as-118

sessments of diversification heterogeneity in mammals (25) and other groups (23, 26, 38), we119

find substantial variation across lineages in speciation rates (Fig. 2A,B), with a median poste-120

rior diffusion coefficient for speciation rates of σλ = 0.063, interpreted as an expected change121

of about 6.3% per My (Fig. 2C). Estimated lineage-specific speciation rates range from close to122

0.005 events per lineage per My in some monotremes, up to more than 1.5 spp My−1 in Primato-123

morpha (Fig. 2A & fig. S11), with an average of about 0.7 spp My−1. Primates experienced124

fast species turnover, characterized by both high speciation and extinction rates (fig. S11-S12).125

In comparison, the species rich rodents and bats have lower speciation rates, but were also less126

6



affected by extinction, resulting in a faster accumulation of species than primates (Fig. 2A, fig.127

S11-S12). These results confirm the role played by differences in both speciation and extinc-128

tion rates in explaining among-clade differences in present-day species richness (33). Over the129

full history of mammals, we estimate a posterior average of ca. 145, 000 extinct species (ca.130

96% of species extinct). These estimates of past diversification and diversity are comparable to131

paleontological estimates (33).132

At the scale of all mammals, we recover a clear mass extinction event at the K-Pg boundary133

(Fig. 3A). At the PETM, we find an almost imperceptible slow-down in species accumulation:134

the diversity loss experienced by mostly stem eutherians (fig. S10) is almost fully balanced135

by the radiation of crown placental lineages. We also applied the birth-death diffusion model136

using other extinction assumptions (no extinction, constant extinction, constant turnover, and137

extinction diffusion; figs. S14-17). Irrespective of the assumption on extinction, we consis-138

tently find an overall expectation for lineages to decrease their speciation rates by about 4%139

per My (posterior median for drift α = −0.044, Fig. 2C). Analyses with extinction diffusion140

recover similar estimates of the diffusion coefficient for speciation rates to analyses with ho-141

mogeneous extinction (figs. S14-S17), suggesting that the variability of speciation rates is not142

inflated when assuming homogeneous extinction. The analyses which did not use the fossil143

record to constrain extinction rates yielded lower diversity estimates, regardless of their respec-144

tive extinction assumption (figs. S14-S17), and did not detect mass extinction events. This145

corroborates the importance of integrating fossil-based extinction rate estimates in recovering146

deep-time diversity dynamics (33, 39).147

Extinction of slowly-speciating lineages at the K-Pg boundary148

The average speciation rate across all therian mammals was relatively high and stable through-149

out the Jurassic, mirroring early crown mammal radiations (Fig. 3B) (4). This period was fol-150
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lowed by a decrease at the onset of the Cretaceous, and an increase during the late Cretaceous151

which led to the diversification of most extant placental orders (10,36) (Fig. 3B,C). Coinciding152

with the K–Pg extinction event, average speciation rates increased abruptly (Fig. 3B,C). These153

temporal trends are robust to uncertainty around the phylogenetic tree and the extinction curves154

(fig. S13).155

The abrupt increase of speciation rates at the K–Pg extinction event was driven by the ex-156

tinction of slowly speciating lineages rather than a collective increase in speciation rates across157

lineages (Fig. 3D). Our results show that, on average, ca. 34% of therian diversity survived158

the K-Pg boundary (comparison at 67 and 65 Mya), with an average pre-K-Pg boundary spe-159

ciation rate of ca. 0.78 spp My−1 for extinct lineages (predominantly stem metatherians and160

eutherians) and of ca. 0.88 spp My−1 for those that survived (Fig. 3D; mean difference of 0.096161

spp My−1, Welch’s t-test p < 10−99). This is driven mostly by the fact that metatherians, with162

slower speciation rates, experienced more extinctions than eutherians (average speciation rates163

at the outset of the K-Pg of 0.52 spp My−1 and 0.88 spp My−1, with surviving percentages of164

3.5% and 43%, respectively); indeed, only very few methaterians survived the K-Pg (posterior165

average of 4.25 lineages). The preferential extinction of slow speciating lineages also occurred166

both within metatherians and eutherians: it was particularly strong within metatherians (mean167

difference of 0.09 spp My−1, Welch’s t-test p < 10−18), and marginally significant in euthe-168

rians (mean difference of 0.009 spp My−1, Welch’s t-test p = 0.055). This sorting process is169

expected under a model of ‘speciational evolution’ (i.e., speciation-driven phenotypic change),170

where clades undergoing frequent speciation have an evolutionary advantage (40, 41). At mass171

extinction events in particular, higher diversity and variability among descendant species in-172

creases the chances that at least one of them survives. These results differ from those expected173

under an ‘explosive-rise’ scenario of ecological release following mass extinctions and are not174

a necessary outcome of our model assumptions (fig. S18).175
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Of particular interest is whether mass extinctions primarily affected lineages with high back-176

ground extinction rates. Although our (necessary) assumption of homogeneous extinction rates177

within each of the 16 clades precluded us from precisely evaluating this question at the species178

level, the fact that the K-Pg mass extinction event wiped out more metatherians, with lower179

background extinction rates (ca. 0.49 spp My−1 at the onset of the K-Pg boundary), than eu-180

therians (0.61 spp My−1) suggests this need not be the case (fig. S10). These results support181

a decoupling between background and mass extinctions (42). Regardless of the effect of back-182

ground extinction rates, the disappearance of more slowly-speciating lineages at the K-Pg mass183

extinction event, rather than a collective increase of speciation rates across surviving lineages,184

resulted in an increase in average speciation rates (Fig. 3). After the K-Pg mass extinction185

event, speciation slowed-down (Fig. 3B). We found a decreasing trend across most of the186

Cenozoic, mirroring trends in rates of morphological evolution (6), until ca. early Miocene,187

where a surge in speciation rates is seen (Fig 3B,C; this pattern was also robust to phylogenetic188

uncertainty fig. S13), mostly driven by the renewed diversification of primates, artiodactyls and189

lagomorphs, and more recently, rodents (fig. S12).190

Our results refute the explosive-rise and delayed-rise hypotheses wherein mammals were191

suppressed in their ecomorphological and taxonomic diversity during the Cretaceous and ex-192

perienced a release at or after the K-Pg extinction event that spurred their diversification (37).193

Indeed, inference under simulations characterizing ecological release scenarios following (or194

not) mass extinction events do not conform to the empirical pattern observed across mammals195

(fig. S18). Instead, our results suggest an early-rise scenario, wherein rates of speciation in-196

creased before the K-Pg boundary, leading to the appearance of several major extant mammal197

orders (3,10). Average speciation rates increased again at the K-Pg boundary, but because more198

slowly-speciating lineages were filtered out rather than it being due to an ecological release199

spurring diversification. This is concordant with recent phylogenetic and paleontological ev-200
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idence suggesting that a major ecomorphological and taxonomic diversification of mammals201

occurred before the K-Pg boundary coinciding with the rise of angiosperms (4,6,43,44) and in-202

creased continental fragmentation (10). Underlying these overarching temporal patterns, how-203

ever, we do not find a correlated burst of diversification across all mammals during the Late204

Cretaceous. Rather, early eutherian lineages alone drive this period of fast diversification (Fig.205

3C). Presumably, this foregoing rise in diversification rates conferred several eutherian lineages206

higher probabilities to be represented by daughter lineages after the K-Pg boundary than, for207

instance, their metatherian counterparts.208

These temporal trends were obtained by averaging over all lineages (observed and unob-209

served) in the complete trees thanks to our data augmentation approach, and would not have210

been properly characterized by only averaging over lineages that survived to the present and211

were sampled (figs. S11-S12).212

Imbalanced speciation pulses213

Under speciation dynamics driven by cross-lineage abiotic effects and infrequent evolutionary214

novelties (12–16, 45), we would expect a few scattered speciation rate shifts along the tree215

with subsequent homogeneous rates. Instead, we find substantial among-lineage heterogeneity,216

confirming recent results in birds (26, 27).217

Bursts of speciation vary substantially in magnitude and seem to occur repeatedly, asyn-218

chronously and ephemerally. Indeed, dissecting among increases in speciation rates along the219

branches of the tree (or ’pulses’), we uncover a recurrent pattern of imbalanced, or asymmetri-220

cal, speciation rates, wherein, along consecutive nodes, only one of the daughter species sustains221

high speciation rate levels (Fig. 4). We characterized this imbalance for the largest pulses across222

mammals by quantifying the distribution of subsequent speciation rates (30). We found that the223

frequency of lineages with subsequent speciation rates that remain higher than the pre-pulse224
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speciation rate is usually around 50%, and never larger than 75% (fig. S19). This pattern holds225

across all our model assumptions on extinction (fig. S20-S23). In comparison, the same anal-226

yses performed on simulations with clade-level speciation shifts (18, 20, 46) result in > 95%227

of the speciation rates remaining higher than the pre-pulse level for the duration of the pulse228

(fig. S9). Such patterns of imbalanced speciation could arise from founder speciation events,229

frequently observed in speciation studies, in which small populations become isolated from the230

main population by chance events (14,47,48). Here, the initial low abundance of peripheral iso-231

lates limit their potential to generate new species, while the diversification potential of the main232

population remains largely unaffected (14,49). This provides an interpretation for the observed233

tendency for speciation rates to decline through time (as evidenced by the negative estimate234

for α, Fig. 2C,4) due to imbalanced speciation rather than diversity-dependence (50, 51). This235

interpretation is further supported by the lack of evidence for speciation bursts at the aftermath236

of the K-Pg mass extinction, which would be expected if diversification was controlled by intra-237

or inter-clade diversity-dependent processes (fig. S18).238

Conclusions239

G. G. Simpson considered adaptive radiations, characterized by clade-wide shifts in specia-240

tion and diversity-dependent dynamics, to be the main source of life’s extraordinary diversity241

(13). Our results support a more nuanced, dynamic and less predictable diversification process,242

wherein the complex interplay of species traits and the specific environment they experience pe-243

riodically propitiate suitable conditions for separate speciation pulses. These ephemeral pulses244

reveal an imbalanced nature, in which a faster-speciating lineage gives rise to multiple slow-245

speciating ones. These, in turn, become increasingly vulnerable to extinction, often precipi-246

tated en masse during major environmental changes. While our findings underscore the role of247

contingency in diversification, general deterministic effects, including particular combinations248
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of body size (52) and dispersal propensity with certain landscape configurations (10, 53, 54),249

should increase the probability of occurrence and persistence of fast-speciating lineages. Diver-250

sity seems to depend on such lineages rather than on clade-wide adaptive radiations.251
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Fig. 1: Punctuated versus diffused changes in diversification. Hypothetical evolutionary history of a clade
under two contrasting views of diversification, highlighted by differences in how speciation rates vary: (A) Punc-
tuated shifts in speciation, here shown as a clade-wide discrete increase (red) from the background rate (blue)
as predicted by, for example, the sudden appearance of adaptive innovations. (B) Diffusion of speciation rates,
assumed under our birth-death diffusion model, as predicted by a temporally dynamic interplay between species
traits and their environment. In the birth-death diffusion model, for lineage l at time t, the changes in speciation
λl(t) and extinction µl(t) rates during a small time dt are given by the Geometric Brownian process, which equa-
tions are shown in the figure. Here α represents a drift term, σλ and σµ the diffusion rates, and W (t) is the Wiener
process (i.e., standard Brownian motion). Lineages that are not observed in the phylogenetic tree of present-day
species because they went extinct are represented with dashes. Our data augmentation framework takes a tree of
present-day species as input and outputs posterior samples of complete trees, including both observed and unob-
served lineages, with associated rate estimates.
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Fig. 2: Mammal diversification dynamics informed by their phylogeny and fossils, under the birth-death
diffusion model with extinction rates estimated from the fossil record. (A) Complete radiation of mammals, incor-
porating the tree of extant species and lineages that went extinct or were not sampled at present (one representative
complete tree sample from the birth-death diffusion posterior); warmer colors represent higher speciation rates.
Surrounding colored radian arcs identify the crown plus stem diversity of the 14 mammal clades with embedded
species silhouettes from PhyloPic (phylopic.org) and roman numerals for identification. Lineages without any sur-
rounding color correspond to those that are not part of the stem diversity of any of these clades (e.g., stem therians
and eutherians). Radial dashed gray lines specify the timescale every 40 My into the past, and solid circular grey
lines specify, in order, the Cretaceous-Paleogene mass extinction event (K-Pg) and Paleocene-Ecocene Thermal
Maximum (PETM). (B) Lineage speciation rates through time plotted for the same complete tree sample as in A.
The grey solid line demarcates the K-Pg boundary and the black dashed line the PETM. (C) Posterior distributions
for the three parameters of the birth-death diffusion model (with extinction estimated from the fossil record): spe-
ciation rate at the root λ0, drift α, and diffusion in speciation rates σλ.
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Fig. 3: Wiping out of slow-speciating lineages during the K-Pg mass extinction event. (A) Distribution through
time of the estimated number of therian mammal lineages (placentals, marsupials and their extinct relatives; solid
line shows the median, shade the 50% Credible Interval ‘CI’). Dotted line shows the Lineage-Through-Time plot
obtained from the tree of present-day mammals. (B) Average speciation rates across all therian mammals, dis-
playing an increase before the K-Pg, followed by a sharp increase at the K-Pg boundary, with slowdown in the
aftermath. Solid line shows the median and shade the 50% CI, across all data augmented trees. (C) Average
speciation rates (median and 50 % CI across all data augmented trees) for eutherians (placentals and their extinct
relatives, in blue) and metatherians (marsupials and their extinct relatives, in orange). Speciation rates increased
before the K-Pg boundary in eutherians, but not metatherians. They then increased abruptly at the K-Pg bound-
ary in metatherians and, to a lesser extent, in eutherians. (D) Density distributions of speciation rates before the
onset (67 Mya) and end (65 Mya) of the K-Pg boundary across all data augmented trees, colored by lineages that
survived (light blue) or went extinct (pink). Horizontal lines show the average speciation rates for each of these
groups, colored respectively, and combined (black). Inset shows the posterior frequency distribution of the propor-
tion of therian mammal diversity that survived the K-Pg extinction event, across all data augmented trees.
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Fig. 4: Imbalanced speciation in mammals. Four illustrative examples of how speciation rates vary in the
mammal tree, obtained by zooming into parts of the tree of: (A) Rodentia (B) Marsupialia (C) Xenarthra, and
(D) Lagomorpha. For each panel we show at the top, in gray, the section of tree, and at the bottom, the evolution
of speciation rates along the respective branches, represented both by color and the position on the y axis. For
clarity, we show posterior median lineage-specific speciation rates in the tree of present-day mammals, rather than
complete trees with extinct lineages.
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